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1571 ABSTRACT 
A process for infrared spectroscopic monitoring of 
insitu compositional changes in a polymeric material 
comprises the steps of providing an elongated infrared 
radiation transmitting fiber that has a transmission por- 
tion and a sensor portion, embedding the sensor portion 
in the polymeric material to be monitored, subjecting 
the polymeric material to a processing sequence, apply- 
ing a beam of infrared radiation to the fiber for transmis- 
sion through the transmitting portion to the sensor por- 
tion for modification as a function of properties of the 
polymeric material, monitoring the modified infrared 
radiation spectra as the polymeric material is being 
subjected to the processing sequence to obtain kinetic 
data on changes in the polymeric material during the 
processing sequence, and adjusting the processing se- 
quence as a function of the kinetic data provided by the 
modified infrared radiation spectra information. 
20 Claims, 1 Drawing Sheet 
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This invention was made with Government support 
under Contract No. NASI-18420 awarded by NASA. 
The Government has certain rights in this invention. 
This invention relates to monitoring technology, and 
more particularly to technology for monitoring the 
processing of polymeric materials and the like. 
Characteristics of polymeric materials are functions 
of processing or other environmental factors to which 
they are exposed. For example, thermosetting poly- 
meric materials are typically exposed during a curing 
sequence to changing temperature and pressure condi- 
tions over a time interval which curing sequence pro- 
duces compositional changes in the polymeric material. 
Similar changes in molecular and crystal structures 
occur in the processing of thermoplastic materials. In 
thermoset matrix composites, for example, the ultimate 
properties of the part depend to a sigdkant extent 
upon the resin being fully cross-linked or cured. 
Fiber reinforced composite materials possess desir- 
able properties that make them attractive as structural 
materials for applications in the aerospace, automotive, 
marine and other industries, such desirable properties 
including strength and stiffness values significantly 
higher than comparable monolithic materials due to the 
reinforcing fibers; the ability to use various materials in 
such composites including polymer-matrix, metal- 
matrix and ceramic-matrix compositions to provide a 
wide range of mechanical, thermal and chemical prop- 
erties and the like, as well as the ability to tailor such 
composites to obtain desirable properties, for example 
by changing the fiber or matrix material, or by changing 
fiber orientation. 
Thermoset laminated composites form excellent 
structures if appropriate process conditions are accu- 
rately known and rigorously followed. Unfortunately, 
in practice, it has been difficult to translate appropriate 
process conditions into production, the resulting prod- 
ucts lacking reproducibility due to inadequate process 
control information, which leads to costly discards. 
Frequently a test coupon made of a similar layup is 
processed simultaneously with the desired part and the 
test coupon is subjected to destructive testing to deter- 
mine degree of cure, voids, etc. within the part. Unfor- 
tunately, the test coupon will frequently pass but the 
part will not be up to specifications. Nondestructive 
testing techniques that have been employed include 
infrared spectroscopy technology for characterizing 
material at or near the surface, ultrasonic scanning, 
dielectric cure monitoring, acoustic emission, X-radiog- 
raphy and thermochromic analysis. None of these ef- 
forts have provided adequate process control informa- 
tion. 
In accordance with one aspect of the invention, there 
is provided a system for infrared spectroscopic monitor- 
ing of polymeric material to obtain kinetic data on 
changes in compositional characteristics of the polymer 
during a processing sequence that includes a source of 
infrared radiation for generating a beam of infrared 
radiation, infrared spectrum analyzing means, an infra- 
red radiation transmission fiber that has a clad transmis- 
sion portion and an unclad sensor portion adapted to be 
embedded in the polymeric material to be monitored, 
and means for coupling the transmission fiber to the 
source to transmit a beam of infrared radiation through 
the fiber to the sensor portion and for coupling the fiber 
2 
to the infrared spectrum analyzing means for analyzing 
the resulting spectra as the polymeric material is pro- 
cessed to provide kinetic information on the processing 
of the polymeric material. 
Preferrably, the infrared analyzer includes Michelson 
interferometer type apparatus that produces a modu- 
lated beam which is transmitted along the IR transmit- 
ting link to the sensor as a broad band spectral input, the 
radiation is modified by multiple internal reflections 
10 within the sensor and the resulting modified spectrum 
radiation is transmitted to analyzer for analysis. 
The sensor preferably includes a chalcogenide glass 
such as arsenic sulfide or arsenic germanium selenide, a 
heavy metal fluoride glass such as a mixture of zirco- 
15 nium, barium, lanthanum and aluminum fluorides, or 
polycrystalline or single crystal material such as thal- 
lium bromoiodide or cesium iodide. Preferably, the 
sensor fiber has a diameter of at least about one hundred 
micrometers but less than one millimeter and a refrac- 
20 tive index greater than 1.7. In a particular embodiment, 
the fiber sensor-transmitter has a length of at least about 
two meters with a clad transmission portion and an 
unclad sensor section, both of which are embedded in 
the polymer material to be monitored. The overall 
25 transmission losses of the fiber are preferably less than 5 
dB per meter over an 1800-750 wavenumber bandwidth 
and the analyzer monitors radiation over an 5000-300 
wavenumber bandwidth. 
In a particular system for monitoring the curing of a 
30 polymer-matrix composite of the type which employs 
fibers of material such as graphite or boron and poly- 
mers of materials such as epoxies or polyimides, a plu- 
rality of sensors are embedded in uncured polymer 
material in regions between layers of fibers and con- 
35 nected by their transmission fiber portions through 
appropriate glands of an autoclave system to a Fourier 
transform infrared analyzer such as the Digilab FTS-60 
system. The autoclave system includes containment 
structure in which the polymer-matrix composite is 
4.0 disposed and by means of which programmed tempera- 
ture and pressure conditions are applied to the laminate 
during a processing cycle of several hours duration 
during which kinetic changes in chemical, crystalline, 
molecular and like characteristics of the polymer such 
45 as epoxide formation (for example, at 908 cm-I), 
H-C= bands (for example, at 844 and 3096 cm-I), 
aliphatic C-H bands (for example, at 2921 cm-I), 
aromatic C-H bands (for example, at 3062 cm-I), 
-S02- bands (for example, at 1150 cm-I), imidization 
50 characteristics (for example, at 1775 cm-I), and anhy- 
dride formation (for example, at 1853 cm-1) wave num- 
bers may be monitored and process parameters adjusted 
as a function of such real time kinetic information. 
In accordance with another aspect of the invention, 
55 there is provided a process for infrared spectroscopic 
monitoring of insitu compositional changes in a poly- 
meric material comprising the steps of providing an 
elongated infrared radiation transmitting fiber that has a 
transmission portion and a sensor portion, embedding 
60 the sensor portion in the polymeric material to be moni- 
tored, subjecting the polymeric material to a processipg 
sequence, applying a beam of infrared radiation to the 
fiber for transmission through the transmitting portion 
to the Sensor portion for modification as a function of 
65 properties of the polymeric material, and monitoring 
the modified infrared radiation spectra as the polymeric 
material is being subjected to the processing sequence to 
obtain kinetic data on changes in the polymeric material 
5 
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during the processing sequence. Preferably, the process bance at the sensor 26' is reflected back through fiber 
further includes the step of adjusting the processing 62' to the entrance end. In another embodiment, a com- 
sequence as a function of the kinetic data provided by posite fiber has a sensing section 26 of chalcogenide 
the modified infrared radiation spectra information. glass and transmitting sections 28 of heavy metal flou- 
Other features and advantages of the invention will 5 ride glass. The optimal resin contact length of the sen- 
be seen as the following description of particular em- sor 26 is a function of the refractive indices of the fiber 
bodiments progresses, in conjunction with the draw- and the resin material to be monitored, epoxy and poly- 
ings, in which: imide resins typically having refractive indices in the 
FIG. 1 is diagram of a monitoring system in accor- range of 1.5 to 1.6. 
dance with the invention; Shown in FIG. 5 in diagrammatic form is a sensor- 
FIG. 2 is an enlarged diagrammatic view of a Portion transmitter fiber 62 with input coupling optics 80 that 
of the PolPer-math composite being Processed in the includes toroid 82 and cone 84 for coupling the input 
system of FIG. 1; beam 66 from the interferometer to the fiber 62, for 
FIGS. 3 and 4 are enlarged diagrammatic views of multiple internal reflections and modification by absor- 
sensor fiber systems in accordance with the invention; 15 bance at the region 26, and coupling op- 
and tics 88 that includes toroid 90 and cone 92 for directing 
arrangement between the sensor-transmitter fiber and In an illustrative polyimide composite processing 
the associated infrared spectroscopic analyzer equip- cycle, the laminate structure 20 in autoclave 12 is fi- 
2o tially at room temperature. The temperature is gradu- ment. 
DESCRIPTION OF PARTICULAR ally increased to 200" F. and held for one half hour after 
EMBODIMENTS which full vacuum is applied and the temperature is 
ramped up to 470" F. at which time 250 pounds pressure 
processing system shown in FIG' is applied. The temperature and pressure are held for a 
includes a pressure and temperature controlled environ- 25 half hour and then the temperature is again ramped up 
ment housing 10 in which autoclave assembly 12 is to about 630" F., the ,aminate structure being continued 
system cooled to less than 200" F. with vacuum vented structure 16 which houses laminate structure 20 that is to be processed. Structure 20 includes an alternating 
10 
FIG- 5 is a diagram indicating an optical coupling the output beam 70 to the detector 60. 
The 
disposed' l2 plate l4 and bag to be held under pressure for three hours and then the 
series of fiber layen 22 (which may, for example, be 30 and Pressure the total cyc1e duration being 
woven) and uncured resin layen 24 that are disposed in During this processing sequence, infra- 
stacked relation. Sensors 26 are embedded in resin lay- red spectra Obtained by the analyzer 6o from the several 
e n  24 and connected to infrared transmission fibers 28 Senson 26 (which may number in the hundreds) provide 
20 is flexible dam structure 30. Disposed below and 35 and molecular stlllcmes of the polyimide resin a it is 
between I d a t e  structure 20 and mold plate 14 is peel being cured. Process control adjustments are made on a 
six 
as indicated in FIG. 2. surrounding laminate structure information on kinetic changes in chemical constituents 
ply 32 md sacrificial ply 34. Above l e a t e  Structure real time basis as a function of the analytical information 
20 and enclosed by bag 16 are release fabric 36, bleeder Obtained from the analyzer spectra so that the 
plies 38, breather plies 40 ad caul plate 42. Bag seal 44 laminates are Of greater uniformity and quali@* 
extends around the periphery of the flexible dam strut- 40 While particdm embodiments of the invention have 
ture 30, and edge bleeder structure 46 is disposed be- been shown and described, other embodiments will be 
meen seal 44 and 30. Coupled to edge bleeder 46 apparent to those skilled in the art, and therefore it is 
via 48 is mold-venhg manifold which is con- not intended that the invention be limited to the dis- 
netted through 52 to a which closed embodiments or to details thereof, and depar- 
may apply vacuum or atmospheric pressure depending 45 tures may be made therefrom within the Spirit and scope 
on the particular application. 
The IR transmission fibers to which sensors 26 are what is Claimed is: 
connected are bundled (as indicated at 54) externally of 1. An infrared SpeCtrOSCOpY system for monitoring 
the laminate structure 20 to be processed and extend 
through seal glands 56 to infrared spectroscopy analy- 50 a source of infrared radiation for generating a beam of 
zer apparatus that includes Michelson interferometer 
source 58 and receiver analyzer 60 and may be a Digilab infrared spectrum analyzing memy 
FTS-60 analyzer. an infrared radiation transmission fiber that has a 
With reference to the diagrammatic view of FIG. 2, transmission portion and a sensor portion adapted 
disposed in the resin 24 between the fiber layers 22 are 55 to be embedded in the polymeric material to be 
IR transmitting fibers 62 that have a sensor portion 26 monitored, and 
and integral IR transmission portions 28. As indicated in means for coupling said transmission fiber to said 
FIG. 3, the optical fiber 62 has polymeric or other suit- source to transmit a beam of infrared radiation 
able cladding 64 in transmission portions 28 and is un- through said fiber to said sensor portion and for 
clad at the sensor portion 26 so that portion is exposed 60 coupling said fiber to said infrared spectrum ana- 
and in direct contact with resin 24. The radiation beam lyzing means for analyzing the resulting spectra as 
66 from interferometer source 58 is applied to input end said polymeric material is processed to provide 
68 and the modified exit beam 70 at output end 72 is kinetic information on the processing of said poly- 
connected to detector and processing apparatus 60. In meric material. 
another embodiment, shown in FIG. 4, the fiber 62' 65 2. The system of claim 1 wherein said source is of the 
includes a single transmitter section 28 with cladding 
64', unclad sensor portion 26', and reflector structure 74 3. The system of claim 1 wherein said spectrum ana- 
so that the transmitted beam 66' as modified by absor- 
of the invention. 
the Processing of a Polymeric matahl COmPriSing 
infrared radiation, 
Michelson interferometer type. 
lyzing means is of the Fourier transform type. 
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4. The system of claim 1 wherein the material of said talliie or single crystal materials such as thallium bro- 
fiber is selected from the class consisting of chalcogen- moiodide or cesium iodide. 
ide glass such as arsenic sulfide or arsenic germanium 15. A elongated infrared radiation transmitting pro- 
selenide, heavy metal fluoride glass, such a mixture of cess monitoring fiber for use in the process of claim 10, 
zirconium, barium, lanthanum and aluminum fluorides, said fiber having a transmission portion and a sensor 
and polycrystalline or single crystal materials such as portion, said fiber having a length of at least about one 
thallium bromoiodide or cesium iodide. meter and said sensor portion having a length that is less 
5. The system of claim 1 wherein said sensor fiber has than about five percent of the overall length of said 
a diameter of at least about one hundred micrometers fiber. 
and a refractive index greater than 1.7. 16. The fiber of claim 15 wherein said fiber has an 
6. The system of claim 1 wherein said sensor-trans- lo overall transmission loss of less than 5 dB per meter 
mitter fiber has a length of at least about two meters over an 1800-750 wavenumber bandwidth, a diameter 
with a clad transmission portion and an unclad sensor of at least about one hundred micrometers, a refractive 
portion, both of which are adapted to be embedded in index greater than 1.7, said sensor portion is unclad, and 
the polymer material to be monitored. said transmission portion is clad. 
17. The fiber Of claim 16 wherein the material of said 
&meter of at least about one hundred micrometers, a fiber is selected from the Class consisting of chalcogen- 
refractive index greater than 1.7 and an overall trans- ide glass such as arsenic sulfide Or arsenic germanium 
loss of less than 5 dB per meter Over an selenide, heavy metal fluoride glass, such a mixture of 
1800-750 wavenumber bandwidth and said sensor par- ZkOnium, barium, lanthanum and aluminum fluorides, 
tion of said fiber has a length that is less than about five 20 and Polycrystalline or single crystal materials such as 
percent of the overall length of said fiber. thallium bromoiodide or cesium iodide. 
of said 18. A system for insitu infrared spectroscopic moni- 
fiber is select& from the class consisting of chalcogen- toring Of a POlYmer-fikr matrix to provide kinetic in- 
ide glass such = arsenic sulfide or arsenic formation during the curing of the polymeric constitu- 
zirconium, barium, lanthanum and aldum fluorides, matrix including alternating layers of fibers and poly- 
and polycrystalline or single crystal materials such as mer resins, 
thallium bromoiodide or cesium iodide. a plurality of infrared radiation transmitting fibers, each said fiber having a transmission portion and a 
sensor portion, the sensor portions of said fibers 9. The system of claim 1 wherein said sensor-trans- mitter fiber being adapted to be embedded in spaced relation in 
said layers of polymer resin, 5 dB per meter over an 1800-750 wavenumber band- 
a source of infrared radiation for generating a beam of width. 
infrared radiation, 10. A process for infrared spectroscopic monitoring of insitu compositional changes in a polymeric material means for coupling said transmitting fibers to said 
source to transmit infrared radiation through said comprising the steps of 
fibers to said sensor portions, providing an elongated infrared radiation transmit- 35 
ting fiber that has a transmission portion and a infrared spectrum analyzing means, and 
means for coupling said fibers to said infrared spec- sensor portion, 
embedding said sensor portion in the polymeric mate- trum analyzing means for analyzing the resulting 
rial to be monitored, infrared spectra as said polymer resin constituents 
subjecting said PolymefiC material to a Processing 40 are being cured to provide fietic information on 
sequence, the curing of said polymer resins. 
applying a beam of infrared radiation to said fiber for 19. The system of claim 18 wherein each said infrared 
transmission through said transmitting portion to radiation transmitting fiber has a diameter of at least 
said sensor portion for modification as a function of about one hundred micrometers and a length of at least 
properties of the polymeric material, and 45 about one meter, each said transmission portion is clad 
monitoring the modified infrared radiation spectra as and each said sensor portion is unclad, each said sensor 
said Polymeric material is being subjected to said portion has a length that is less than about five percent 
PrOCeSSing sequence to obtain kinetic data on of the overall length of its fiber. 
changes in the polymeric material the Pro- 20. The system of claim 19 wherein the material of 
cessing sequence. 50 said infrared radiation transmitting fibers is selected 
11. The Process Of Claim 10 and further including the from the class consisting of chalcogenide glass such as 
step of adjusting the Processing sequence as a function arsenic sulfide or arsenic germanium selenide, heavy 
of the kinetic data provided by said modified infrared metal fluoride glass, such a mixture of zirconium, bar- 
radiation spectra information. ium, lanthanum and aluminum fluorides, and polycrys- 
12. m e  Process of claim 10 wherein a polymer-fiber 55 talline or single crystal materials such as thallium bro- 
matrix iS being monitored, said polymer-fiber matrix moiodide or cesium iodide; A d  polymer-fiber matrix 
including alternating layers of fibers and polymer resins, includes fiber of material such as graphite or boron and 
and the Sensor portions of a plurality of said infrared polymers of materials such as epoxies or polyimides; 
radiation transmitting fibers are embedded in spaced each said infrared radiation transmitting fiber has a 
relation in said polymer resin layers. refractory index greater than 1.7 and an overall trans- 
13. The process of claim 12 wherein saidpolymeric mission loss of less than 5 dB per meter over an 
material being monitored is selected from the class con- 1800-750 wavenumber bandwidth; and further includ- 
sisting of epoxies and polyimides. ing autoclave type containment structure for receiving 
14. The process of claim 13 wherein the material of said polymer-fiber matrix during cure, said containment 
said infrared radiation transmitting fibers is selected structure including gland structure through said trans- 
from the class consisting of chalcogenide glass such as 65 mission portions of said fibers are connected to said 
arsenic sulfide or arsenic germanium selenide, heavy infrared radiation source and said infrared spectrum 
metal fluoride glass, such a mixture of zirconium, bar- analyzer means. 
7. m e  system of claim 6 wherein said fiber has a 15 
8. ne system of 7 wherein the 
selenide, heavy meM fluoride glass, such as a mixture of 25 ent Of said piperic fiber said polymer-fiber 
an Overall transmission loss Of less than 30 
ium, lanthanum and aluminum fluorides, and polycrys- * * * * *  
6 
